The domesticated horse has played a unique role in human history, serving not just as a 24 source of animal protein, but also as a catalyst for long-distance migration and military 25 conquest. As a result, the horse developed unique physiological adaptations to meet the 26 demands of both their climatic environment and their relationship with man. Completed in 27 2009, the first domesticated horse reference genome assembly (EquCab 2.0) produced most of 28 the publicly available genetic variations annotations in this species. Yet, there are around 400 29 geographically and physiologically diverse breeds of horse. To enrich the current collection of 30 genetic variants in the horse, we sequenced whole genomes from six horses of six different 31 breeds: an American Miniature, a Percheron, an Arabian, a Mangalarga Marchador, a Native 32 Mongolian Chakouyi, and a Tennessee Walking Horse. Aside from extreme contrasts in body 33 size, these breeds originate from diverse global locations and each possess unique adaptive 34 physiology. A total of 1.3 billion reads were generated for the six horses with coverage 35 between 15x to 24x per horse. After applying rigorous filtration, we identified and functionally 36 annotated 8,128,658 Single Nucleotide Polymorphisms (SNPs), and 830,370 37 Insertions/Deletions (INDELs), as well as novel Copy Number Variations (CNVs) and 38 Structural Variations (SVs). Our results revealed putatively functional variants including genes 39 associated with size variation like ANKRD1 and HMGA1 in the very large Percheron and the 40 ZFAT gene in the American Miniature horse. We detected a copy number gain in the Latherin 41 gene that may be the result of evolutionary selection for thermoregulation by sweating, an 42 important component of athleticism and heat tolerance. The newly discovered variants were 43 formatted into user-friendly browser tracks and will provide a foundational database for future 44 studies of the genetic underpinnings of diverse phenotypes within the horse. 3 45 Author Summary 46 The domesticated horse played a unique role in human history, serving not just as a 47 source of dietary animal protein, but also as a catalyst for long-distance migration and military 48 conquest. As a result, the horse developed unique physiological adaptations to meet the 49 demands of both their climatic environment and their relationship with man. Although the 50 completion of the horse reference genome yielded the discovery of many genetic variants, the 51 remarkable diversity across breeds of horse calls for additional effort in quantification of the 52 breadth of genetic polymorphism within this unique species. Here, we present genome re-53 sequencing and variant detection analysis for six horses belonging to geographically and 54 physiologically diverse breeds. We identified and annotated not just single nucleotide 55 polymorphisms (SNPs), but also large insertions and deletions (INDELs), copy number 56 variations (CNVs) and structural variations (SVs). Our results illustrate novel sources of 57 polymorphism and highlight potentially impactful variations for phenotypes of body size and 58 conformation. We also detected a copy number gain in the Latherin gene that could be the 59 result of an evolutionary selection for thermoregulation through sweating. Our newly 60 discovered variants were formatted into easy-to-use tracks that can be easily accessed by 61 researchers around the globe. 62 63 69 health, welfare, physiology and production traits [1,2]. Application of these variations also 70 improves inference of ancient demographic and evolutionary histories, as well as the 71 mechanisms underlying adaptation in various species [3]. In addition, cross-species 72 comparisons of genetic variation improves our understanding of the structure-to-function 73 relationship within conserved elements of the mammalian genome [4]. 74 Domesticated approximately 5,500 years ago, horses were historically used for food, 75 transportation, trade, warfare, and as draught animals [5]. Man has since selected horses 76 suitable for a range of physical and behaviorally desirable traits, ultimately resulting in the 77 formation of more than 400 unique horse breeds [6]. Comparisons between ancient and 78 domesticated horse genomes revealed signatures of this selective pressure in ~125 potential 79 domestication target genes [5]. Advantageously, the Equidae possess a particularly old and 80 diverse fossil record, aiding not only in characterizing their demographic history but also 81 ancient human movement and migration [3,5,6]. However, compared to other livestock species, 82 relatively few studies have focused on the discovery of the standing genetic variation within 83 different horse breeds [7]. Therefore, additional investigation of the equine genomic 84 architecture is critical for a better understanding of the equine genome, as well as for expanded 85 comparisons across diverse mammalian species. Furthermore, the equine industry itself 86 provides an eager opportunity to apply genomic discoveries towards improvements in the 87 health and well-being of this valuable livestock species. 88 Here, we sequenced six horses belonging to six divergent breeds in order to enrich the 89 current collection of genetic variants in the horse. Namely, we sequenced a female Percheron 90 (PER) and an American Miniature (AMH), and a Tennessee Walking Horse (TWH), a 91 Mangalarga Marchador (MM) and a Native Mongolian Chakouyi (CH) male horses. These 92 breeds were historically selected to perform distinct tasks and therefore may harbor a wealth of 5 93 unique variation at the genome level. For example, the Arabian horse was primarily selected 94 for metabolic efficiency, endurance and strength. Severe desert conditions required a resilient 95 animal with absolute loyalty. Arabian horses were central to the survival and culture of the 96 Bedouins peoples of the Arabian Peninsula [8]. The Percheron horse was primarily selected for 97 large size and developed as draft horse and was used as both a war horse and a farm horse [9].
Introduction
Quantifying genetic variation is an important theme in modern biology and population 65 genetics. Recent technological advances in genomics have benefitted livestock by allowing 66 examination of genetic variation in these non-traditional model species at an unprecedented 67 scale and resolution. Cataloging that variation lays the foundation for dissecting the complex 68 genetic architecture of phenotypic variation, which in turn has many applications in livestock 1 . Estimated from trimmed and aligned reads using the formula C= L*N/G (where G is the haploid genome length (2.7*10 9 ), L is the read length and N is the number of reads) 2. Estimated using the bamtools stats procedure in bamtools.
130 138 is very similar to the percentage of SNPs estimated in the human genome [14] . Amongst those, 139 11,537 SNPs (0.14 %) were multi-allelic. The mean transition to transversion ratio in these 140 horses is 1.998 (range 1.991 to 2.008) ( Table 2) , a value very close to other mammalian 141 species [15] .
142
The allelic frequency spectrum ( Figure S1 ) showed an expected decline in the frequency of 143 SNPs as the observed number of the alternative allele increased, as observed in other studies 144 [16] , [17] . The mean, median and standard deviation of Phred-scaled quality scores for the 145 SNPs were 785.78, 543 and 732.85, respectively, which signifies a very high call accuracy.
146 [26] .
195

CNVs and SVs
196
CNVs and SVs contribute significantly to genomic diversity [27] . Genome-wide datasets 197 produced by NGS technologies are revealing a wealth of knowledge about the frequency and 198 structure of these types of polymorphisms. Of the identified CNVs, the number of gains was 245 ECA12 and ECA20 possessed the highest density of CNVs. Functional annotation of these 246 regions revealed large gene families involved in olfactory reception and immunity. The same 247 observation was made by array CGH in the horse [33] and corresponding findings were also 248 obtained in the human genome [35] .
249
Our functional CNVs annotation revealed a copy number gain in a gene cluster that 250 includes Latherin (LATH) (ENSEMBL Gene Symbol: ENSECAG00000009747.1). The 251 reference genome assembly indicates just one copy of this gene, yet a copy-number gain was 252 previously reported in a Quarter Horse using NGS data [7] , and using array CGH a copy 253 number loss was observed in the same region [33] (ECA 22:23893194-24009882). LATH (also 254 known as BPIFA4) is a member of the palate lung and nasal epithelium clone (PLUNC) family 255 of proteins that is common in the oral cavity and saliva of mammals [36, 37] . Based on 256 ENSEMBL gene models (V.86) and alignment of non-horse RefSeq genes (UCSC), the region 257 surrounding equine LATH in EquCab2.0 contained evidence for 14 BPIF family gene models.
258 In contrast, the orthologous bovine region in BosTau8 contained just ten, and the human 259 genome (hg38) has eight BPIF RefSeq gene models. In horses this gene produces a surfactant 260 protein that is expressed in the saliva and uniquely to the Equidae, as the primary protein 261 component of sweat [38] . Therefore, equine Latherin protein may play an important role in 262 mastication of fibrous food, as well as in enhancing evaporative cooling [36] . Therefore, it is 263 reasonable to postulate that the gain in LATH copies observed in this study results from an 264 evolutionary pressure for improved evaporative dissipation of heat, yielding athleticism and 265 endurance in hot environments.
266
The CNV gains/losses across the LATH regions were common across the six horses 267 included in the study, suggesting that the reference genome may possess errors in this region. [39] .
288
Our annotation of the SVs also indicated duplication events within the ZFAT gene 289 (ECA 9: 75076827 bp, Table S2 ) unique to the American Miniature horse. The ZFAT region is 290 associated with withers height and overall skeletal size in horses [40, 41] . We also detected an 291 inverted duplication unique to the Percheron horse in HMGA1. In the mouse, a 292 HMGA1/HMGA2 double knockout produces the "superpygmy" phenotype [42] . Mapping 293 efforts previously identified an effect on overall body size in horses due to the HMGA2 region 294 [41] . Later, it was shown that a non-synonymous mutation in the first exon of HMGA2 reduced 295 withers height by an average of 9.5 cm per copy of the mutant allele in small Shetland ponies 296 [43] . These small SVs may impact regulatory motifs in these genes, leading to the size 297 phenotypes observed in these breeds. However, future work is needed to investigate the impact 298 of this new inverted duplication on height or growth within the genetic background of these 299 breeds.
300
Genome-wide diversity (π)
301
Nucleotide diversity (π) [44] is defined as the average number of nucleotide differences 302 per site between two randomly chosen sequences in a population. Assessment of nucleotide 303 diversity provides a valuable insight into the divergence of populations, inferring the 304 demographic history of the species, as well as the historical size of the population [45] . Areas 305 of lower than expected nucleotide diversity may signify signatures of past selection events [46] .
306 Traditionally, such regions are found by comparing the same sequences from multiple 307 individuals [44] . However, π as implemented in VCFtools is calculated from a single genome 308 of a diploid individual [47] [48] [49] . In this study, regions with very low diversity were found by 309 calculating π for each horse genome as the average number of differences between two 310 chromosomes using one megabase (MB) non-overlapping windows in VCFtools [50] .
311
The average nucleotide diversity across all six horses was 0.00097 for all SNP 312 polymorphisms, and ranged from a minimum of 0.00090 for the American Miniature Horse and 313 0.0011 for the Tennessee Walking Horse. This could reflect a higher inbreeding in the 314 American Miniature horse compared to the Tennessee Walking Horse. Average diversity in the 315 autosomal chromosomes for all horses was 0.0010, which is four times as high as the mean 316 diversity observed in the X chromosome (0.00026). Since the X chromosome has three-317 quarters the effective population size (N e ) of that of the autosomes, lower nucleotide diversity 318 for the X chromosome is to be expected. However, a lower diversity level could also be due to 319 a lower mutation rate (μ) on ECAX. Clearly, X copy number differences specifically influence 320 the calculation of nucleotide diversity levels in the male horses used in this study, as compared 321 to the female reference animal (Figure 1) .
322
Notably, the SNP dense regions on ECA20 and ECA12 were amongst the highest (top 323 1%) in nucleotide diversity (π) value (Figure 1) . We used PANTHER (v14.0) [54] statistical 324 over-representation test (using a Bonferroni correction at P < 0.05) analysis of xenoRefGene 325 genes in these regions after removing exact duplicate gene names as horses have relatively few 326 refseq genes (Table S3 ). PANTHER further removed duplicate genes, keeping only a single 327 gene ID cases at loci with two or more xenoRefGene names. The analysis revealed that 328 enrichment for the T cell receptor signaling pathway and adaptive immune response on ECA20 329 and sensory perception on ECA12 (Table S4) . Paralogous regions like those in large gene 330 families catalyze a collapse of these regions within computational genome assemblies leading 331 to an inflation in the number of SNPs at these loci.
332
The bottom 1% of the empirical distribution of π values for each horse ( [10] . In 343 the Native Mongolian Chakouyi horse, no statistically significant over-represented terms were 344 found. We also investigated the functional classification of gene models from these regions 345 using GO-slim biological processes in PANTHER. Notably, this analysis showed that the 346 Percheron and American Miniature horses were the only two horses with regions containing 347 genes in the category "Growth", although it formed a small percentage of the total number of 348 genes (Table S7 ).
349
The low diversity regions found in this study did not overlap with the regions 350 previously reported in Petersen et al. using Illumina SNP50 Beadchip and an F ST -based statistic 351 [51] , likely due to the differences in sample size as well as the methodology. On the other hand, 352 three gene regions reported in this study were also reported to be under selection in the horse 353 by Orlando et al. [3] . However, unlike our study, Orlando et al. [3] aimed to detect selection 354 signatures in modern horses and included several genomes and compared ancient horse 355 genomes to those of Przewalski's and modern domesticated horses. Namely, the three genes 356 shared between both studies were NINJ1 and SEC63 in the Tennessee Walking Horse and 357 COMMD1 in the Arabian horse. NINJ1 encodes the ninjurin protein which is highly expressed 358 in human brain endothelium [52] and becomes up-regulated after nerve injuries in Schwann 359 cells and in dorsal root ganglion neurons [53] . SEC63 encodes a highly-conserved membrane 360 protein important for protein translocation in the Endoplasmic Reticulum [54] . COMMD1
(Copper Metabolism MURR1 Domain 1) is involved in copper ion homeostasis and sodium
362 transport [55] . It plays and essential role in the termination of NF-κB activity and control of 363 inflammation [55, 56] . COMMD1 causes copper storage disorder in Bedlington terriers, an 364 autosomal recessive disorder that causes rapid accumulation of copper in the liver of affected 365 dogs [57] . 418
Base Quality Score Recalibration and Calling SNPs and small INDELs
419
SNPs and small INDELs (<50bp) were detected using the GATK HaplotypeCaller 420 procedure [63] . The GATK HaplotypeCaller was designed to be very permissive so that it did 421 not miss rare variants. In order to recalibrate base quality scores we used the BaseRecalibrator 422 procedure in GATK. Since we do not currently have a gold standard set of variants for the 423 horse (required by the procedure), we undertook an iterative approach (described in the GATK 424 best practices (version 2.4-3). The approach simultaneously recalibrated base quality scores and 425 eventually resulted in the final set of reported variants. First, the GATK HaplotypeCaller 426 procedure [63] obtains an initial set of variants subsequently used to recalibrate base quality 427 scores and generate recalibrated BAM files for each genome. The recalibrated files were then 428 used to call variants in the next iteration. Subsequently, variants called in each iteration were 429 used as a bootstrap set in place of "gold standard" variants to recalibrate the base quality scores 430 in the following iterations. The procedure was iterated until the number of variants and the base 431 quality score recalibrations stabilized, which in our pipeline occurred following the fifth 432 iteration. After that, we used the GATK VariantRecalibrator procedure to recalibrate the 
